The medium influence on the fluorescence decay dynamics of ethidium bromide (EB) has been investigated in various environments. For example, Ohmstead and Kearns related the fluorescence lifetime of EB to the excited-state proton transfer process. 1 In addition, they reported that the solvent viscosity plays a minor role in the excited state decay process of EB. Chirico et al. measured the fluorescence decay of EB as 1.7 ns in water and 6.5 ns in ethanol and concluded that hydrogen bonding ability is a key factor for the nonradiative relaxation. 2 Pal et al. measured the fluorescence decay time of EB in acetone, acetonitrile, and their mixtures. They observed that the fluorescence decay processes were independent on the solvent polarity. 3 These results show that the EB lifetime does not depend much on polarity or viscosity, but is mainly influenced by hydrogen bonding. Overall, EB is one of most widely used dyes for probing DNA. When EB is intercalated into the helical structure of DNA, a large increase in the fluorescence lifetime has been observed in comparison with water environment, and the fluorescence enhancement was attributed to the blocking of the excited-state proton transfer. 4, 5 The main objective of this work is to investigate whether the fluorescence decay dynamics of EB is influenced by the environmental rigidity of polymer. As shown in Figure 1 , EB contains a phenyl ring the motion of which may play a role in the rate processes of the electronically excited EB. We have measured the fluorescence lifetime of EB in various polymers including low density polyethylene (LDPE), high density polyethylene (HDPE), polycarbonate (PC), polystyrene (PS), and polyacrylic acid (PAA). We observed that the fluorescence lifetime of EB is strongly correlated to the Young's modulus of polymer and, based on the observed fluorescence lifetimes, we attempted to delineate the nonradiative decay processes of EB in terms of polymer rigidity.
EB was obtained from Invitrogen. LDPE (MW 35,000), HDPE (MW 125,000), PC (MW 64,000), PS (MW 192,000), and PAA (MW 240,000) were purchased from Sigma-Aldrich. Different solvents were used to prepare the polymer solutions: tetrahydrofuran (THF) for LDPE and PC; decalin for HDPE; cyclohexane for PS; water for PAA. All films for the lifetime measurements were prepared by spin coating and dried in an oven at 70 o C for 24 h. The dye concentration in each polymer was maintained low, typically being ca. 5 µM. The fluorescence lifetime of EB in polymer was measured by time-correlated single photon counting (TCSPC). The laser source for sample excitation was a picosecond diode laser operating at a wavelength of 467 nm at 10 MHz (Picoquant). A dichroic mirror and a 488 nm long pass filter (Semrock) were mounted to collect the emission and to eliminate the excitation wavelength. With a fast detector (Hamamatsu R3809) and a TCSPC board (Becker-Hickl SPC-830), the instrument response function (IRF) of the system is typically about 150 ps. To avoid local bleaching in the polymer, the sample was continuously scanned at a rate of 1 Hz in the area of 100 µm × 100 µm, during the measurements. Figure 2 shows the fluorescence decay curves of EB in five polymers. All data do not exhibit single exponential, reflecting the structural heterogeneity of the media. The fluorescence lifetimes were extracted from the measured decay curves by a nonlinear least square fit with deconvolution of the instrument response function. The curves were fit by a double exponential form and the average lifetime, defined as α1τ1 + α2τ2/(α1 + α2), was obtained and shown in Table 1 . The average lifetime was used as a characteristic time constant that represents the excited state dynamics of EB in polymers. The average lifetime of EB was shortest in LDPE (2.12 ns) and longest in PAA (14.84 ns) with the order of LDPE < HDPE < PC < PS < PAA. If the hydrogen bonding effect is applicable, the EB lifetime in PAA should be shorter than that in LDPE. That is, considering the molecular structure of polymer, the trend has nothing to do with Young's modulus (GPs) the excited-state proton transfer. The fluorescence lifetime measurements of EB in rigid media are rare in the literature. The fluorescence lifetimes of EB in trehalose glasses containing 10 -20% of water are in the range of 13.5 -16.5 ns. 6 The higher water content reduces the fluorescence lifetime. Bunker et al. measured the EB lifetime in Nafion polymer and observed a biexponential decay with 3.2 ns and 12 ns for the short and long components, respectively. 7 Lee et al. measured the fluorescence decay dynamics of DNA-EB complex in polymer at the single molecular level. 8 However, these reports did not concern the effect of polymer rigidity on the excited-state EB dynamics.
In Figure 2 , we plotted the average lifetime of EB as a function of the Young's modulus of polymer. The Young's moduli of the five polymers were taken from the reported values in literature. 9 The fluorescence enhancement of EB with increasing medium rigidity indicates that the internal molecular rotor dynamics of EB is affected by the mechanical property of polymer. The nonradiative decay rate constant can be obtained from the measured fluorescence lifetime by
The radiative rate constant, kr, of EB has been known as 1.4 × 10 7 s -1
. The nonradiative rate constant was calculated by using Eq. (1) and plotted in Figure 3 as a function of the Young's modulus. Previously, we have reported that DND-189, a pH sensitive dye, can be used as a environmental rigidity sensor. 10 This work showed that EB, a DNA intercalating dye, can also be used as a medium rigidity probe. Although it is very likely that the phenyl ring rotation is responsible for the excited-state dynamics of EB in polymer, further work may be required to clarify this issue more clearly.
In conclusion, the fluorescence lifetimes of EB in five polymers covering LDPE, HDPE, PC, PS, and PAA were measured by picosecond time-correlated single photon counting. The lifetime change of EB has been previously described by hydrogen bonding ability. In this work, we have observed that the lifetime of EB depends strongly on the Young's modulus of medium. Thus, it is possible that the fluorescence decay dynamics of EB could be influenced by medium rigidity rather than hydrogen bonding ability in polymer.
